This paper describes empirical research on the engineering design process as carried out by student and professional engineers. The use of design strategies plays a significant role in engineering design, and a commonly used strategy is decomposition/recomposition. This research studies design decomposition and recomposition strategies in the context of teams.
INTRODUCTION
Design is recognized as the critical element of engineering thinking which differentiates engineering from other problem solving approaches [1] . One of the primary goals of engineering design education is to equip students with the capability to become expert design engineers.
Among the engineering skills required, engineering design is fundamental for engineering graduates since engineering design is a major task in engineering practice. The use of design strategies plays a significant role in engineering design, and a commonly used strategy is problem decomposition/recomposition. It is frequently used by experienced engineers, especially when dealing with complex engineering problems [2] . The process of problem decomposition involves breaking the design problem into smaller independent sub-problems [3] . Each sub-problem can be further broken into even smaller problems [3] and the decomposition process stops when designers can directly approach each sub-problem. Problem recomposition is a bottom-up process that follows problem decomposition. It is the process of recomposing all sub-solutions [4] based on the premise of satisfying requirements of the combined design [5] . Instead of focusing on a complex design problem as a whole, engineers can work on several smaller, more approachable subproblems using this process, which makes the process of engineering design more efficient. Studies have identified a gap between engineering novices and engineering experts when it comes to problem decomposition/recomposition skills in engineering design [6] [7] [8] .
BACKGROUND
Design is a creative, open-ended, and experiential process that aims at producing results that at minimum satisfy the initial requirements. Engineering design as an important application area of design, is a "systematic, intelligent process in which designers generate, evaluate, and specify concepts for devices, systems, or processes whose form and function achieve the clients' objectives or users' needs, while satisfying a specified set of constraints" [1, pp. 103]. Engineering design is a central part of engineering education because it is considered a distinguishing activity of engineers. For this reason, it has been emphasized as a focus for engineering education in recent decades [1] .
Engineering design contains multiple interconnected variables and in general, these variables belong to two types: technical variables and non-technical variables. Technical variables include time, power, weight, height, and so forth; non-technical variables include cost, reliability, safety, and so forth. These variables have complex interrelationships and often vary non-linearly along some scale. "Aggregate behavior is qualitatively distinct from the sum of behaviors of individual components and indicates a complex engineered system, such as highways, the Internet, the power grid, and many others, which are all around us" [9, pp. 125 ]. This makes engineering design a potentially complex task.
METHODOLOGY
In order to study the differences in decomposition/recomposition strategies between student and professional engineers a protocol analysis approach was adopted to obtain empirically-based evidence for any differences.
Protocol analysis is a rigorous methodology for eliciting verbal reports of thought sequences as a valid source of data on thinking. It is a well-developed, validated method for the acquisition of data on thinking [10, 11] . It has been used extensively in design research to assist in the development of the understanding of the cognitive behavior of designers [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . There are two classes of protocol studies: think-aloud and retrospective [10, 11] . In a think-aloud protocol the participant verbalizes while carrying out the task, while in a retrospective protocol the subject verbalizes after the task has been completed. Often the retrospection is carried out while viewing the video of the subject performing the task. It has been shown that there is a statistical agreement between them for the same task under controlled conditions [22] . Where there is more than a single participant involved, there is a natural verbalization between them. As a consequence most protocol studies of groups and teams use think-aloud protocols. The protocols collected will use the think-aloud method with teams of two students and two professional engineers.
Protocol Analysis Method
The basic methodology of the protocol analysis method consists of the following sequence of tasks that will be followed for this project.
• Coding development. In typical protocol analyses the researchers commence with a pre-existing coding scheme and modify it based on the task and events in the current protocol. In this project we will use a principled coding scheme based on the FBS ontology developed by Gero and colleagues [23, 24] . Function (F) represented designers' expectations of the products, Behavior (B) represented the ways designers accomplish their goals, and Structure (S) represented the solutions to the problem. The second dimension of the coding system was the level of the problem. Engineers decomposed the design problem into multiple sub-problems and work on each sub-problem in order to find out a solution. The FBS coding scheme can be summarized, using the design terminology embodied in Figure 1 . This produces six codes for the design issues (segments) and those six codes for the design issues can be combined to produce eight design processes, Tables 1 and 2. . This harmonizes all segmentation when using this coding scheme since there is now an isomorphism between segments and codes. This is a critically important advance in protocol analysis since the two separate processes of segmentation and coding of segments are now linked. The segments can be connected to time through the time-stamped text constituents of the segments. The final, arbitrated protocol consists of a sequence of design issues represented by a sequence of FBS codes. From this list we can build a variety of statistical models that represent the cognitive behavior of the participants. In this paper we report only tabular statistical models and use them in making statistical comparisons between student and professional engineers' decomposition and recomposition behavior.
Sample
This study selected participants using a convenience sampling method [26] . Fifty participants took part in the study, including 20 college engineering freshmen, 20 college engineering seniors, and 10 engineering professionals. All of them worked in dyads. It should be noted that this research was a pilot study with a small sample size. Results of the quantitative data show preliminary findings only, and cannot be generalized due to the small sample size.
Design Challenge
All dyads completed the same open-ended engineering design challenge. The design challenge used was a double-hung window opener that assisted the elderly with raising and lowering windows. This challenge had been used by other researchers to study engineering design [27, 28] . There were various engineering and social constraints in this challenge, which made it a typical engineering design challenge. In addition, double-hung windows are commonly used and most students were familiar with window operation and function so they did not need advanced engineering knowledge to complete the design challenge.
During the design session, participants had access to only five websites related to the design challenge. The five websites included the construction of double-hung window, a YouTube video about the mechanism of double hung windows, a website about American Disabilities Act (ADA) information, a website of ADA Accessibility Guidelines for Buildings and Facilities (ADAAG), and a Wikipedia webpage about American with Disabilities Act of 1990. Participants had limited access to prevent them from searching for solutions to the design problem.
Participants were given one hour to complete the engineering design challenge. Instead of presenting practical products by the end of design, participants only submitted design proposals as their final outcome. There was no instruction about the form or the content of the proposals they would submit. They did not build, test, and analyze their design because of the time constraint.
Data Preparation
After participants completed the design challenge, audio data were transcribed, segmented, and coded. Two coders were involved in coding data. The coders were trained using sample data from previous studies before coding data. The inter-coder reliability was calculated among coders to examine the reliability of coding. After the training session the overall agreement between coders was above 80%.
Video and audio data were manually transcribed into spread sheets. The spreadsheet data, which contained designers' conversations and motions, were further broken into utterances. An utterance refers to a unit of vocalization by a participant. Utterances were identified by a certain period of silence or the change of speakers.
After the process of transcribing, the utterances were segmented. The segmentation was based on design issues. Each segment can only contain one code. For example, if multiple sentences focused on the same design issue, those sentences were segmented as one segment. If a sentence contained multiple design issues, the sentence was segmented as multiple segments.
The coding system had two dimensions: FBS ontology and "levels of the problem." The FBS ontology represented the design issues during the design process. The second dimension of the coding system was the hierarchical level of the problem. The level of problem is used in representing the decomposition and recomposition. Engineers decomposed the design problem into multiple sub-problems and work on each sub-problem in order to produce a solution. The level of the problem ranged from 1 to 3. The meanings of levels are shown in Table 4 . Gero and McNeill [29] developed the coding system in analyzing design protocols. Ho [7] used a similar coding system to investigate engineering design strategies used by individual electrical engineers. The FBS framework had the following codes: function (F), expected behavior (Be), behavior from the structure (Bs), structure (S), documentation (D), and requirement (R). For those utterances that did not fit into any definition of above codes, coders coded them as "other" (O). The numbers of utterances generated by each dyad were different, so simply comparing the frequencies of each type of code would affect the validity of the study. The percentages of codes were used in normalize the results to allow for comparisons of differences between the two cohorts of students and professionals. Table 5 shows an example of the coding into design issues and levels from one dyad's utterances. The level of the problem designers worked on transitioned across the different levels through the design session. As previously described, problem decomposition is a top-down process while problem recomposition is a bottom-up process. When the level of the problem transitions from a higher level to a lower level, it is classified as problem decomposition, and when it transitions from a lower level to a higher level, it is classified as problem recomposition.
RESULTS AND ANALYSES 4.1 Full Design Sessions
The means, standard deviations, and standard errors of the student and professional cohorts are shown in Table 6 . The results show that in general, the use of decomposition and recomposition is the same within each cohort. To determine whether the apparent differences between the two cohorts are significant independent sample t-tests were applied. Table 7 shows the results of these t-tests. Statistical significant differences were found in using problem decomposition and problem recomposition between students and professional engineers. During the full design sessions, students were found to use significantly fewer problem decompositions and problem recompositions than professionals.
In spite of differences in research settings, the results of this study are consistent with Ho's results [7] . Both studies suggest that there is a gap in using problem decomposition/recomposition between students and professionals.
Dividing Design Sessions Into Two
In order to obtain a more nuanced understanding of these differences the design sessions were split into halves to see if there were differences in behavior between the first half and the second half of the design sessions. The distribution of data when the design sessions were split in halves is shown in Table  8 . The results of statistical tests, shown in Table 9 , are similar to the results for the full sessions. During the first half of the design process, students were found to use less problem decomposition and problem recomposition than professionals. During the second half of the design process, they were found to use both strategies less than professionals as well. Table 8 also shows that the distributions of problem decomposition and problem recomposition are not equal between the first half and the second half for both students and professionals. The ratios of decomposition and recomposition in the first half to that the second half were calculated, Table  10 . The ratios presented are means of the first half divided by means of the second half. Since these ratios are not the same for professional and students these results indicate that there is a difference in behavior between these two cohorts over time. The ratios of decomposition or recomposition of the professionals with students is presented in Table 11 .
Table 11 RATIO OF PROFESSIONALS TO STUDENTS OF HALVES OF DESIGN SESSION OF DECOMPOSITION AND RECOMPOSITION

Professionals/Students
First half -problem decomposition
1.625
First half -problem recomposition
1.639
Second half -problem decomposition
1.270
Second half -problem recomposition
1.267
The results show that both students and professionals used problem decomposition and problem recomposition more during the first half of the design sessions. In the first half of the design process, professionals used problem decomposition 38% more than the second half while students used problem decomposition 8% more than the second half. The results are similar for problem recomposition. Professionals used this strategy 37% more in the first half while students used the strategy 6% more in the first half.
These results show that there are differences in design think behavior between students and professionals. Professionals tended to use the strategy of problem decomposition and recomposition more in the first half of the design process while students tended to use this strategy uniformly through the entire design process uniformly.
Levels
The structure of problem decomposition includes 3 types of transitions: transitions from Level 1 to 2, transitions from Level 1 to 3, and transitions from Level 2 to 3. Similarly, the structure of problem recomposition includes 3 types of transitions as well. They are: transitions from Level 3 to 2, transitions from Level 3 to 1, and transitions from Level 2 to 1. In order to further explore the design thinking of students and professionals, the processes of problem decomposition and problem recomposition were examined in more detail by calculating the distributions of these transitions into different levels.
The distribution of transitions in the first half of the design sessions when the data were broken into levels is presented in Table 12 . The means of all types of transitions of professionals are higher than those of the students'. Table 13 shows the results of statistical significance tests. Statistical significant differences were found at all levels. This result illustrated that in the first half of the design process, professionals tended to use more problem decomposition and problem recomposition on all levels. Table 14 shows the distribution of transitions in the second half of the design sessions when the data were broken into levels. The means of all types of transitions of professionals are higher than students'. Table 15 shows the results of statistical tests of the data in Table 14 . Statistical significant differences were not found for any transitions. This result indicates that in the second half of the design sessions the distributions of transitions between levels for professionals and students are statistically similar. The ratios of the mean decomposition and recompositions by levels to that of the mean decompositions and recompositions by levels of the first half of the design sessions to the second half of the design sessions for students are given in Table 16 . The results in Table 16 show that the ratios of decomposition from Level 1 to Level 2 and from Level 2 to Level 3 are lower in the first half than the second half (as the ratios are less than 1). However, the ratio of decomposition from Level 3 to Level 1 is higher in the first half than the second half (as the ratio is greater than 1). This indicates a lack of symmetry between decomposition and recomposition.
The ratios of the mean decomposition and recompositions by levels to that of the mean decompositions and recompositions by levels of the first half of the design sessions to the second half of the design sessions for professionals are given in Table 17 . The results in Table 17 show that professionals exhibit a different behavior to students in that all the ratios are greater than 1. This indicates that the problem decomposition /recomposition strategies are all greater in the first half of the design sessions than in the second halves.
CONCLUSIONS
This pilot study provides foundational results to understand the design cognition of the strategy of decomposition/ recomposition of students and professionals and measures the differences between these two cohorts. This study presents empirical evidence that professionals used the strategy of problem decomposition and problem recomposition more than students. In addition, professionals used the strategy more in the first half of the design session while students tended to use the strategy evenly through the entire design session.
This study has contributed to the body of research related to engineering expertise. By comparing the process of problem decomposition and problem recomposition between dyads of students and professionals, this study helped better understand the characteristics of expertise in engineering design. It quantitatively characterized the design thinking of both students and professionals from a design cognition perspective.
In addition to providing a better understanding of students' design cognition, the results of this study suggest that problem decomposition and problem recomposition may be valuable to engineering educators, as the results, if generalizable, are helpful to develop more "expert-like" design behaviors in students by educational interventions that increase their decomposition and recomposition while designing. Through this these findings may be used by engineering educators to modify their engineering design curriculum. By identifying gaps between student and expert design behavior we can move toward interventions in teaching to reduce such gaps.
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